Bodies in relative motion separated by a gap of a few nanometers can experience a tiny friction force. This non-contact dissipation can have various origins and can be successfully measured by a sensitive pendulum atomic force microscope tip oscillating laterally above the surface. Here, we report on the observation of dissipation peaks at selected voltage-dependent tip-surface distances for oxygen-deficient strontium titanate (SrTiO 3 ) surface at low temperatures (T = 5K). The observed dissipation peaks are attributed to tip-induced charge and spin state transitions in quantum-dotlike entities formed by single oxygen vacancies (and clusters thereof, possibly through a collective mechanism) at the SrTiO 3 surface, which in view of technological and fundamental research relevance of the material opens important avenues for further studies and applications.
INTRODUCTION
Strontium titanate (SrTiO 3 or STO for short) stands out among other oxides as a material with broad spectrum of physical phenomena and of functional properties. Throughout the last decades the interest in STO has increased due to its popularity as a versatile substrate for oxide electronics research and engineering [1, 2] . Extreme electron mobility and superconducting properties [3] [4] [5] , quantum paraelectricity in bulk [6] , itinerant, impurity, and vacancy based magnetism [2, 7, 8] of STO have been subjects of fundamental studies. In particular, charge trapping by oxygen vacancies (V O ) [9] and vacancy related magnetism [10] [11] [12] [13] are pertinent to the present study. Pristine STO develops oxygen vacancies when grown or annealed under oxygen-poor conditions [14] , bombarded with noble gas ions [15] , or under intense laser or ultraviolet irradiation [16] . When in numbers, V O can lead to the formation of two-dimensional electron gas (2DEG) on the surface of bare STO [17] [18] [19] [20] . Moreover, oxygen vacancies were shown to be inherently magnetic both in bulk STO [12, 21, 22] and at its surface [5, 13, [23] [24] [25] [26] [27] [28] [29] . They were shown to exhibit either local uncorrelated magnetic moments [21, 30] or stable long-range magnetic order, when present in sufficient concentration [5, 12, 26, 29, [31] [32] [33] . Although the influence of bulk and surface oxygen vacancies on the electronic and optical properties of STO is long known [34, 35] , the options for controlling these vacancies are poorly explored and offer a lucrative field for further research.
Atomic force microscopy (AFM) cantilevers oscillating like tiny pendula over a surface [36] are primarily designed to measure extremely delicate non-contact form of frictional dissipation and serve as an ultra-sensitive, non-invasive spectroscopy method [37] (see Supplementary Methods Fig. 1 for details) . Apart from provoking such conventional forms of non-contact energy transfer as phonon and Joule ohmic dissipation [36, 38] , the external perturbation caused by an oscillating tip might push a finite quantum system, or a collection of them towards a transition or a level crossing with subsequent relaxation of the system. A level crossing implies a dissipation channel for the external agent provoking the change [37, 39] . For AFM this leads to distance and bias-voltage-dependent dissipation of the tip oscillation energy. Such dissipation was observed at the sudden injection of phase slips into a charge density wave on NbSe 2 surface [40] and at the crossing of electron energy levels in mesoscopic single-electron InAs quantum dots [39] .
Here we measure the dissipation experienced by a sharp AFM tip oscillating at a range of lateral amplitudes (100 pm to 5 nm) over an oxygen deficient SrTiO 3 (100) single crystal surface cooled down to low temperatures of T = 5K. At selected tip-surface distances and bias voltages, dissipation peaks are observed in the cantilever oscillation. We attribute these peaks to charge and spin state transitions in individual or possibly collective groups of oxygen vacancies, which act as natural quantum dots at oxygen-deficient surfaces of STO, as suggested by a recent first principles calculations [13] . We further discuss possible pathways for electrons which could give rise to these transitions under the action of the time-periodic electrostatic or van der Waals potential exerted by the AFM tip. The dissipation peaks appear at large crystal reduction (therefore with many surface vacancies), and at long tipsample distances (even above 10 nm), disappearing above T = 80 − 90K. While these elements point to a collective mechanism involving many vacancies, we find that the crude single vacancy model already provides a very helpful level of understanding.
RESULTS

Sample characterization with STM
Surface morphology and chemical composition of STO are known to change significantly under high temperature annealing [41] . We thus start our study by examining the topography of STO with a scanning tunneling microscope (STM) between cycles of annealing at subsequently increasing temperatures (see Methods for the measurement protocol and
Supplementary Figure 2 for more temperature-dependent measurements). While rough and irregularly-shaped at low annealing temperatures, STO surfaces develop a well defined terrace and island structure after prolonged annealing at about 800
• C forming a range of reconstruction patterns [(2×2), (2×1) and dominant c(4×2)] yet retaining a relatively high surface roughness [41, 42] . At about 900
• C well ordered step-terraces develop and acquire smaller reconstruction unit cells of (2×2) and arising from oxygen vacancies (
a behaviour which persists at higher annealing temperatures [42] . Representative constant current topographies after annealing at T = 850
• C and 1050
• C are shown in Fig. 1a and annealed surface with V bias = 1 eV shows several tetragonal reconstruction domains of three different orientations [44] . It exhibits a variety of structural peculiarities, which appear as either points or extended areas/lines of increased or decreased apparent height. Bright features can be attributed to adatoms on top of the reconstructed ad-layer or oxygen hydroxyl (O−H) groups resulting from rest gases in the vacuum chamber, as it is known [45] that interstitial Ti atoms can cause a substantial increase in local surface reactivity and thus facilitate O − H group adsorption. Dark features could, on the other hand, indicate missing ad-islands in the ( √ 5× √ 5) reconstruction [11, 46] or, considering that annealing was carried out at oxygen-poor conditions, more likely represent oxygen vacancies (V O ) at or near the surface [42, 43] . In agreement with that, the density of empty states 1 eV above Fermi level, which the STM probes, is high at all sites where a surface O atom is present. are shown in Fig. 2 . Both spectra were taken on flat terraces, far from the step edges. The sample annealed at lower temperature reveals a spectrum which displays a parabolic curve characteristic of Joule non-contact friction [38] . Similarity with Nb metal above T C [36] indicates some ohmic electron conduction in the STO surface. The dissipation spectrum The dI/dV spectrum of the reduced surface is characterised by the presence of a broad peak localized at about 1.2 eV below the Fermi level (O A ), a signature of an oxygen deficient system [42] . A smaller peak O B just below the Fermi level (see inset) can also be attributed to oxygen impurity levels (see discussion). For comparison, the spectrum for non-reduced sample is shown in beige (light brown).
spectra obtained with a local probe (metallic tip tuning fork sensor) systematically shown an identical, single dissipation peak for ( √ 5× √ 5) reconstructed STO after annealing at T = 1050
• C (see Supplementary Fig. 4 ). It is the origin of those dissipation peaks, and the physical information on the nanotechnologically important surface oxygen vacancies that the rest of this paper shall be devoted to.
First, we use the scanning tunneling spectroscopy (STS) mode of our AFM to measure at closer tunneling tip-surface distances the dI/dV spectra ( Fig. 3 ). It can be attributed to a shallower in-gap state of the V O , which, as shown in our recent theoretical study [13] can be gradually emptied by changing the local chemical potential of the surface under the scanning probe tip (see Supplementary Fig. 6 for details).
It is therefore natural to assume that the non-contact dissipation peaks ( to understand the physical mechanism by which the charge and spin state transition may be provoked here (see Supplementary Fig. 6 ).
Local dissipation spectra taken with a stiff cantilever tip
Key clues that clarify the tip-induced V O transition mechanism are provided by the dependence of the dissipation behavior on the tip-sample distance z. For distances spanning a range from near-contact regime to 15 nm, we measure the bias (V ) dependence of the AFM frictional dissipation coefficient Γ, thus obtaining a full Γ(V, d) map. We use two different tips in pendulum geometry: (i) a stiffer gold-coated cantilever tip with a moderately low tip (see Fig. 5a for a sketch) the vacancies closer to the tip's position experience a different electron chemical potential than those at the periphery. At certain values of the imposed potential (the strength/depth of which is dependent on the tip-sample distance and mutual bias) the topmost filled impurity level of one of the V O can become aligned with an empty electron reservoir thus provoking one electron to leave the vacancy, causing a transition [13] .
Some of the possible transition paths are sketched in Fig. 5b . Electrons can be exchanged between a neutral vacancy and a charged one, or a vacancy and the conduction band of the surrounding STO surface as well as the 2DEG known to exist on the doped interfaces of STO [4, 19] . Oxygen vacancies on STO surfaces are known to exist as both isolated entities or as cluster defects. The latter can exhibit multiple impurity levels and reside in a number of charge states [13] . The approximately symmetric pattern for positive and negative tip voltage suggests that this mechanism is reversible.
In the dissipation measurements carried out with the stiffer gold-coated tip, the area swept is much smaller, and the two observed dissipation peaks can originate from the single and double discharging of a standalone vacancy with electrons being transferred to either other vacancies/vacancy clusters or to the STO conduction band. We estimate the average distance between the dark defects on our sample from STM images to be 3.7 ± 1.6 nm (see Supplementary Fig. 8 ). Thus a stiff tip swinging with an amplitude of 1 nm is unlikely to impact more than one vacancy, even considering that the characteristic dimensions of the perturbation caused by the tip suspended at several nm distance shall be larger than the amplitude of its swing. The softer non-local tip swinging at an amplitude of 5 nm will, on the contrary, enclose in its potential shadow path several V O or an V O cluster resulting in more electron transition channels and consequently more dissipation peaks. The fact that in the latter case some dissipation peaks exist even in the case when the CPD is completely compensated is a likely residual effect of the van der Waals interaction, as the V O impurity level is a relatively shallow one and does not require much perturbation to be emptied. This assumption is especially important to us since V O charge states were shown to be stable with respect to mechanical perturbations of the system [13] thus making the influence of the tip on the observed charge and spin-state transition much more likely to be electronic than mechanical in origin. Unfortunately, we cannot specify exactly what levels we are precisely talking about. Comparison of our STS data with DFT calculations (see Supplementary Fig. 6 and Supplementary Fig. 9 ; also Ref. [13] ) suggests that for a single vacancy charging scenario, the observed dissipation might arise from the transitions between q=-2e and q=-1e charge states. Interestingly, that should also involve a spin transition, from S = 1/2 of the q=-1e state, to S = 0 in the q=-2e state, where the two electrons in the two Ti oppositely facing dangling bonds couple antiferromagnetically. [13] Finally the temperature dependent measurements (see Supplementary Fig. 2 ) reveal that the dissipation peaks which we attribute to charging and discharging of Oxygen vacancies persist up to a temperature of 80 − 90K. At those temperatures the charging energy is much larger than thermal energy (
>> k B T = 7 − 8 meV) and the occupancy of the V O can be controlled with single-electron precision, hinting at a wide range of promising functionalities and suggesting that the "shadow potential" projected by the tip works within an energy scale of order k B T . This is not unreasonable, since the vacancy redox levels, all lie very close to the SrTiO 3 conduction band and can possibly be switched by a 8meV tip-induced shift.
We mention, before closing, a work that reported a single noncontact AFM frictional peak on STO and on NbSe 2 [48] , as well as theoretical modeling that rationalised it in terms of a defect spin model [49] . The NbSe 2 data show that the peak maximum coincides with the earliest onset of weak tip-surface electron tunneling, and the simultaneous onset of stiffening of the tip frequency. All our AFM dissipation peaks occur at large distances where tunneling is totally absent and where the tip frequency is softened rather than stiffened (see Supplementary Fig. 4 ). Both elements indicate a dissipation origin different from that of Ref. 48 .
To summarize, our sensitive low-temperature (T = 5K) atomic force microscopy experiments with soft cantilever tips show single or multiple mechanical dissipation peaks over a oxygen reduced surface of STO. We attribute them to the tip coupling to charge and spin state transitions in quantum dots constituted by oxygen vacancies (and clusters thereof).
Since for the V O a charge state transition is intimately coupled to the magnetic properties of the latter, the possibility to study periodically driven transitions in the system also opens up unique avenues to studying the fundamental magnetic phenomena therein. Experimentally it would require operation with a magnetically polarized AFM tip. The presence of STO surface oxygen vacancies and the ease with which they can give and take electrons must play a role in the technologically important interfaces subsequently formed on this substrate. [50, 51] .
The electronic characterization provided by the AFM mechanical dissipation peaks reported here may be used as an efficient tool for surface analysis, of considerable nanotechnological importance. For instance, since the the in-gap states of a vacancy or vacancy cluster can be seen as a signature or footprint of the latter and the dissipation map, as is discussed in the present study, is directly dependent on the impurity level alignment, one could use pendulum atomic force microscopy to quickly characterise large areas of a sample with respect to vacancies present thereon.
METHODS Tuning Fork Atomic Force Microscopy measurements
The experiments were performed in two independent UHV chambers. The STM/AFM experiments were performed with a commercial qPlus STM/AFM (Omicron Nanotechnology GmbH) running at low temperature (T = 5K) under UHV and operated by a Nanonis Control System from SPECS GmbH. We used a commercial tuning-fork sensor in the qPlus configuration (parameters: resonance frequency f 0 = 23 kHz, spring constant k 0 = 1800 N m −1 , quality factor Q = 13000 at 5K). During non-contact friction measurement the oscillation amplitude was always set to 100 pm. The oscillation frequency f (z) and excitation amplitude A exc were recorded simultaneously for different V values applied to the tungsten tip.
All STM images were recorded in the constant-current mode. Conductance measurements were performed at constant-height using the lock-in technique with modulation frequency and voltage equal to f = 653 Hz and U = 15 mV, respectively.
Pendulum AFM energy dissipation measurements
The sensitive non-contact friction experiments were performed under UHV by means of a very soft, highly n-doped silicon cantilever (ATEC-Cont from Nanosensors with resistivity ρ = 0.01−0.02 Ωcm) with spring constant k = 0.1 N/m and stiffer, 70 nm gold-coated silicon cantilever (ATEC-NcAu from Nanosensors) with spring constant k = 50 N/m. Both were suspended perpendicularly to the surface and operated in the so-called pendulum geometry, meaning that the tip vibrational motion is parallel to the sample surface [36] . Owing to its large stiffness and metallic character, the second tip allowed to perform Scanning tunneling Microscopy (STM) as well as to operate in AFM mode with small oscillation amplitudes allowing for local dissipation measurements. The oscillation amplitudes A of the tip were kept constant by means of a phase-locked loop feedback system at 5 nm for the ultra-sensitive cantilever and at 1 nm, for the stiff sensor. In AFM voltage dependent measurements the voltage was applied to the sample. The cantilevers were annealed in UHV up to 700 • C for 12 hours which results in removal of water layers and weakly bound contaminant molecules from both the cantilever and the tip. After annealing the cantilevers quality factors and the frequencies were equal to Q = 7·10 5 , f 0 = 11 kHz and Q = 6·10 4 , f 0 = 250 kHz for soft and stiff probes, respectively. It is also known that this long-term annealing leads to negligible amounts of localised charges on the probing tip.
Non-contact friction coefficient and energy dissipation
In dissipation measurements the non-contact friction coefficient was calculated according to the standard formula [52]:
where A exc (z) and f (z) are the distance-dependent excitation amplitude and resonance frequency of the cantilever, and the suffix 0 refers to the free cantilever. The distance z = 0 corresponds to the point where the tip enters the contact regime, meaning that the cantilever driving signal is saturated and the tunneling current starts to rise. Friction coefficient might be converted into energy dissipation according to the formula:
where A is the oscillation amplitude and e is elementary charge.
Sample preparation
The measured sample was 1% Nb doped SrTiO It is known that the process of UHV, high temperature annealing leads to sample oxygen deficiency by creation of surface oxygen vacancies [14] . After preparation the samples were transferred into the microscope. The AFM and STM measurements were performed at low temperature T = 5K. 
